INTRODUCTION
Constitutional mismatch repair deficiency (CMMR-D) syndrome is a rare childhood cancer syndrome caused by biallelic germline mutations in one of the four mismatch repair (MMR) genes, MLH1, MSH2, MSH6 or PMS2. 1 The MMR genes are mainly involved in the correction of single base-pair mismatches and small insertiondeletion loops that arise during DNA replication. Moreover, the MMR system is involved in the cellular response to a variety of agents that damage DNA. 2 Monoallelic germline mutations in these MMR genes are responsible for Lynch syndrome (LS). The first reported CMMR-D patients were descendants from consanguineous LS families. 3, 4 Since then more than hundred CMMR-D patients from B68 families have been reported. The broad tumor spectrum deduced from all published CMMR-D patients can be divided into four main groups: 5 (1) hematological malignancies; 6 (2) brain/CNS tumors; 7 (3) LS-associated tumors as well as multiple intestinal polyps; 8, 9 and (4) other malignancies including embryonic tumors and rhabdomyosarcoma. Many CMMR-D patients show signs reminiscent of neurofibromatosis type 1 (NF1). In particular, multiple café au lait macules (CALMs) are often found as a first manifestation of the underlying cancer syndrome. Areas of skin hypopigmentation have also been reported in CMMR-D patients. It has therefore been suggested that all patients with a childhood cancer, not clearly associated with NF1, who show the skin abnormalities as seen in NF1 should be suspected of having CMMR-D syndrome. Furthermore, defects in immunoglobulin class switch recombination (indicated by decreased levels or absence of IgG2, IgG4 and IgA together with increased IgM levels) are also associated with CMMR-D syndrome. 10, 11 At least one CMMR-D patient initially presented with a primary immunodeficiency. 11 Despite publication of 4100 CMMR-D patients, diagnosis may still be delayed in many childhood cancer patients. Here, we report three new patients confirming this, as they were suspected to suffer from CMMR-D only when they developed their second or third malignancy. The common finding in these three patients is agenesis of the corpus callosum (ACC) and cerebral gray matter heterotopia in two of them. These congenital malformations may be used as an additional feature suggestive of the diagnosis of CMMR-D in childhood cancer patients.
PATIENTS AND METHODS Patients
Suspicion of CMMR-D syndrome was raised in all three patients when they developed a second or third malignancy. Parents gave written informed consent to molecular genetic testing. The main clinical findings of the patients are summarized in Table 1 .
Tumor analysis
Immunohistochemical (IHC) staining for the MLH1, MSH2, MSH6 and PMS2 protein expression was performed on 4-mm sections of formalin-fixed, paraffin-embedded normal and tumor tissues, from all three patients. Microsatellite instability (MSI) analysis was performed on the parotid tumor and surrounding normal tissue, as well as on the T-cell non-Hodgkin lymphoma (NHL) of patient 1 using a multiplex fluorescence-based PCR assay with a panel of six microsatellite markers (BAT25, BAT26, BAT40, D2S123, D5S346 and D17S250). 12 
Mutation analysis
Exon sequencing was used as primary assay to identify the PMS2 mutation in patient 1 and the MLH1 mutation in patient 2. PMS2 exons were amplified 
and in T-cell lymphoblastic lymphoma)
This report using mainly previously published PMS2-specific primers, 13 some of which were redesigned to achieve higher specificity (available upon request). To confirm the mutation identified in patient 1 at transcript level, a PMS2-specific RT-PCR product containing exons 10-15 (PCR product B in Etzler et al 14 ) was generated from RNA isolated from a cycloheximide treated short-term lymphocytes culture and sequenced with three-internal primers. Only lowquality RNA was available of patient 2. Therefore, only a 366-bp RT-PCR fragment from exons 2-5 (fwd primer: 5 0 -ATCCAGCGGCCAGCTAATG-3 0 ; reverse primer: 5 0 -CTTGATTGCCAGCACATGG-3 0 ) was amplified from RNA isolated from the puromycin-treated short-term lymphocytes culture of the patient to exclude a possible splicing effect of the identified MLH1 missense variant in exon 3. The previously described RNA-based mutation analysis protocol 14 was used as primary assay to analyze MLH1 and PMS2 in patient 3.
PMS2 MLPA was performed with SALSA kits P008-A1 and/or P008-B1 (MRC-Holland, Amsterdam, The Netherlands) 15, 16 according to the manufacturer's instructions. MLH1 MLPA was performed with the SALSA kit P003 (MRC-Holland, Amsterdam, The Netherlands).
In vitro mismatch repair MMR activity assay and in silico analyses
To assess the effect of the MLH1 variant c.218T4G identified in patient 2, the mismatch repair efficiency of the aberrant protein MLH1-L73R was tested by an in vitro MMR assay as previously described. 17, 18 Briefly, aberrant protein was produced in and isolated from Spodoptera frugiperda (SF9) insect cells with its cognate heterodimerisation partner PMS2. Newly produced wild-type and variant protein were used to complement the MMR-deficient HCT116 nuclear extract (NE). NE of the MMR-proficient HeLa cells was used as a positive control. Negative controls were an uncomplemented HCT116 extract and a NE-free mock sample. NEs were incubated in the presence of 100 ng of circular heteroduplex DNA containing a G Á T mismatch downstream from a 5 0 singlestrand nick. Successful repair converts the G Á T heteroduplex into an A ÁT homoduplex generating a BglII-restriction site. Therefore, the repair efficiency can be measured by the cleavage efficiency of BglII using GeneTools 3.08 (SynGene Cambridge, England). The mean repair percentages from three repeated experiments as well as the SD were calculated.
In silico methods (Polyphen 2 19 (http://genetics.bwh.harvard.edu/pph2/), sorting intolerant from tolerant (SIFT) 20 (http://sift.jcvi.org/) and the multivariate analysis of protein polymorphism (MAPP-MMR) 21, 22 (http://mendel. stanford.edu/SidowLab/)) were used for prediction of the pathogenicity of the missense MLH1 variant. 23 
Array analysis
For patient 1 CGH-array analysis was performed using 105K microarray slides from Agilent Technologies (Santa Clara, CA, USA) following manufacturer's protocols. Data analysis was performed using DNA analytics 4.76 software from Agilent technologies using the ADM-2 algorithm. Interpretation of CNVdata was performed as described in the guidelines of Vermeesch et al. 24 Array analysis for patients 2 and 3 was performed using the HumanCytoSNP-12v2.1 beadchips (Illumina, San Diego, CA, USA) according to the manufacturer's instructions. Raw data were processed using the Genotyping Analysis Module of GenomeStudio 1.6.3 (Illumina), for further CNV analysis we used Nexus Copy Number 6.0 standard edt. (Biodiscovery, El Segundo, CA, USA).
FLNA mutation analysis
The entire coding sequence of the FLNA gene (exons 2-48 and flanking intronic sequences) was PCR amplified from gDNA and sequenced as previously published. 25 
RESULTS

Analysis of patient 1
This 11-year-old boy was seen at the genetics clinic after he developed a third primary malignancy. He was born after an uneventful term pregnancy. He was the first of four children of healthy consanguineous parents (Table 1) . Apart from mild behavior problems, he had a normal psychomotor development. A younger brother died at early age from unknown cause. The two sisters were healthy. There was no family history of cancer, seizures, congenital abnormalities or intellectual disabilities. At the age of 9 years, patient 1 was diagnosed with a B-cell NHL, for which he underwent chemotherapy (SNWLK-94 regimen). At 11 years of age, a grade II muco-epidermoïd carcinoma of the parotid was diagnosed, which was radically resected and locally treated with brachytherapy. MRI of the face performed for staging of the parotid tumor revealed ACC (Figure 1a) , an interhemispheric cyst and several periventricular gray matter heterotopias (Figure 1d ). Six months later, he was diagnosed with a peripheral T-cell NHL grade I, which was treated with chemotherapy (according the EURO-LB-02 protocol). On physical examination he had multiple (410) CALMs without other signs of neurofibromatosis. Array-CGH study and NF1 mutation analysis showed normal results. The combination of several primary malignancies at young age, multiple CALMs and consanguineous parents was suggestive of CMMR-D.
MSI and IHC analysis for all four MMR genes was performed on the parotid tumor as well as the T-cell NHL. No allelic shifts were observed for any of the six microsatellite markers (data not shown). Therefore, the tumors were considered microsatellite stable. All tissues stained positive for MLH1/MSH2/MSH6. However, PMS2 staining was repeatedly negative in both tumors and healthy tissue (Figures 2a  and b) , consistent with a constitutive biallelic PMS2 mutation. Exon sequencing from gDNA, revealed a homozygous 4 bp deletion, c.(2397_2400del) þ (2397_2400del), leading to a premature stop codon, p.Ser801Glufs*15, in PMS2 exon 14. Sequencing of exon 14 demonstrated a weak normal signal underlying the homozygous deletion most likely deriving from co-amplification of the PMS2CL pseudogene. To circumvent pseudogen co-amplification and/or to exclude allelic drop-out because of the presence of a pseudogenederived sequence within one of the PMS2 alleles, 26,27 direct cDNA sequencing was performed. This confirmed homozygosity for c.2397_2400del in the PMS2 transcripts. As the parents declined molecular testing, we could not confirm that they are heterozygous carriers of the mutation. Hemizygosity of the identified frameshift mutation owing to a larger single or multi-exon deletion was excluded by MLPA analysis.
Analysis of patient 2
This boy was seen at the genetics department at the age of 5 years when he developed his second malignancy. He was the first born child to Polynesian parents after an uneventful term pregnancy. Early milestones were delayed (first walking at 18 months and at 3 years of age having only single words). At the age of 3 years he presented with right hemiparesis, subsequently diagnosed to be secondary to a left parieto-occipital-temporal glioblastoma multiforme. Previous neurological examination has been normal. MRI of the brain showed near complete ACC (Figure 1b) , interhemispheric and intracerebral cysts, and right subcortical and periventricular heterotopia (Figure 1e) . The glioblastoma was managed with surgical resection followed by intracranial irradiation (59.4Gy fractionated over 50 days) and concurrent temozolomide followed by 6 cycles of adjuvant temozolomide. He suffered from seizures after treatment but remained otherwise healthy for the next 26 months. At the age of 5 years 6 months, he presented with acute respiratory distress because of a mediastinal mass subsequently diagnosed as T-cell lymphoblastic lymphoma. He was treated with the Children's Oncology Group A5971 chemotherapy protocol, but presented acutely septic at the completion of phase IV (delayed intensification) and died of staphylococcal septicemia. On clinical examination he had normal height, weight and head circumference. Apart from multiple (415) large CALMs he had no dysmorphic features. Parents denied known consanguinity but were from the same Pacific Island population and SNP-array analysis revealed extended regions of homozygosity, but was otherwise normal. Maternal family history was positive for colorectal cancer (see Table 1 ).
The patient's phenotype and family history suggested the diagnosis of CMMR-D syndrome. IHC staining for all four MMR genes of both tumors showed nuclear staining for MSH2 and MSH6, and absence of MLH1 and PMS2 staining in the lymphoma (Figures 2c and d) , glioblastoma and in the normal tissue present on the slides. This result prompted MLH1 sequencing analysis, which revealed homozygosity for c.218T4G in exon 3, predicted to lead to amino-acid change p.Leu73Arg. This result (without any evidence for aberrant splicing of MLH1 exon 3) was also obtained by sequence of a short RT-PCR product containing exons 2-5. Hemizygosity of this alteration was largely excluded by normal MLPA results. As this amino-acid change is not listed in the InSiGHT database and has not been previously published, we aimed at confirming the pathogenicity of this missense variant. Several in silico programs (PolyPhen, SIFT and MAPP-MMR) evaluated this mutation as pathogenic. This prediction was further confirmed by an in vitro MMR assay testing for the G Á T mismatch repair efficiency of the aberrant protein, MLH1-L73R. MMR-proficient HeLa NE and MMR-deficient HCT116 NE extracts complemented with wild-type protein used as positive-assay controls, showed repair efficiencies of 22% and 48%, respectively. However, HCT116 NE extracts complemented with MLH1-L73R protein repeatedly failed to produce any detectable repair (o1%) (Figure 3 ).
Analysis of patient 3
Prenatal ultrasound at 36th week of this pregnancy (first common child of non-consanguinious parents) demonstrated bilateral dilatation of the occipital horns of the lateral ventricles. A male (second child of the mother) was subsequently delivered at term after an uncomplicated pregnancy and postnatal ultrasound revealed ACC. At birth two capillary hemangiomas of the skin were noted on the right lower leg and the left groin, both remained unchanged since. Beside hemangiomas and a small number of cutaneous nevi, there were no other congenital malformations or dysmorphic features. Psychomotor development was normal in the boy (as it was for his older half-brother). At the age of 2 years and 10 months this patient was diagnosed with an anaplastic astrocytoma of the spinal cord (C3-Th3) (Figure 1f) . MRI of the brain confirmed complete ACC with hypertrophic anterior commissure (Figure 1c ). Secondary to neurosurgical treatment and the tumor development, he developed spastic tetraparesis, more pronounced in the lower extremities, and partial neurogenic bladder. He subsequently underwent radiochemotherapy treatment according to HIT-GBM-D protocol, with partial response on MRI studies and mild improvement of the neurological deficits. At the age of 5 years and 6 months a mediastinal mass was detected. Cytological analysis and immunophenotyping of a pleural effusion disclosed a T-lymphoblastic lymphoma. Bone marrow cytology and immunophenotyping showed no significant infiltration. Chemotherapy according to EURO-LB-02 protocol was initiated with initially good response. The patient died 9 months later from septic infection during severe bone marrow aplasia.
Diagnosis of this second malignancy led to the suspicion of CMMR-D syndrome. Retrospective IHC staining of the spinal cord anaplastic astrocytoma tissue demonstrated MLH1 and PMS2 loss in the tumor cells, suggestive of a MLH1 mutation (Figures 2e and f) . Direct cDNA sequencing revealed regular biallelic MLH1 expression as evidenced by heterozygosity of a polymorphic variant (c.655A4G; rs.1799977) and no evidence of a pathogenic alteration. As loss of MLH1 was only observed in the tumor cells, but not in the surrounding non-neoplastic cells (suggestive of a possible somatic MLH1 mutation restricted to the neoplastic cells and an underlying germline PMS2 mutation), direct PMS2 cDNA sequencing was performed. This demonstrated heterozygous skipping of the out of frame exons 6 and 7 (r.538_803del) as well as heterozygosity for c.1121dupA in exon 10. A heterozygous deletion of exons 6 and 7 (c.538 À?_803 þ ?del) was confirmed by MLPA analysis and sequencing of exon 10 from gDNA confirmed the frameshift mutation resulting in a premature stop codon, p.Gln375Alafs*7. Analysis of the parental gDNA confirmed that the two mutations were located in trans. Retrospectively performed SNP-array analysis was normal (no evidence of copy number changes).
FLNA analysis in patients 1 and 2
Mutations of the X-linked FLNA gene account for up to 24% of cases with periventricular heterotopias. 28 Analysis of this gene in the two patients (patients 1 and 2; patient 3 did not show gray matter heterotopia) revealed no abnormalities.
DISCUSSION
The common feature in the present three novel CMMR-D patients was ACC. Gray matter heterotopia and interhemispheric cysts were observed in two patients. ACC was previously reported in only one CMMR-D patient with anaplastic astrocytoma and a very early colorectal cancer with an inferred homozygous PMS2 mutation (patient 4 in Table 1 ). 29 With the present report, there are now at least 4 out of the 115 published CMMR-D cases who show these cerebral malformations. Sixty of those had a brain tumor and therefore presumably had comprehensive imaging of the central nervous system. The prevalence of callosal anomalies varies widely among different studies. Wang et al 30 found among 2309 clinically normal term neonates three with ACC (0.09%). However, a study on perinatal/neonatal autopsy series found ACC in 15/4122 (0.36%) of cases. 31 These two studies may delineate the lower and upper end of ACC frequency among live births. With a frequency of at least 3.5-6.6% (4/115 or 4/60), the incidence of ACC in CMMR-D patients is higher than in the general population, suggesting that ACC is a feature of CMMR-D.
Patients 1 and 2 also had gray matter heterotopia and interhemispheric cysts. No evidence of a germline FLNA mutation was found in both patients. There might be other explanations for periventricular heterotopia (eg, insults, other rare genetic causes 32 ) in these patients. However, on the basis of the scattered distribution of the heterotopic nodules in both patients, the most likely explanation is that this malformation as well as ACC (which is occasionally associated with gray matter heterotopia 33 ) is related to the underlying defect in MMR.
ACC is frequently associated with neurological disorders and/or severe developmental delay. However, as in our three patients, ACC may also be entirely asymptomatic or associated with only mild developmental or behavioral deficits. 34 ACC results from disruption of any one of the multiple steps of fetal callosal development, such as cellular proliferation and migration, axonal growth and guidance, or glial patterning at the midline. 34 The genetics of ACC reflect the underlying complexity of callosal development. The London Dysmorphology Database lists 4350 syndromes associated with ACC. In patients with callosal defects, mutations in at least 13 human genes have been identified. Equally, murine studies implicate an extensive list of genes involved in callosal development (for review see Kamnasaran 35 and Richards et al 36 ) . It is conceivable that one or more of the genes implicated in the callosal development are the target of a constitutional defect in the DNA repair, as it has been shown with the NF1 gene. 37 Signs of NF1 in CMMR-D patients are thought to result from somatic mutations present in a segmental or mosaic status. 38, 39 Similarly, it is possible that early embryonic somatic mutations (presumed to occur more frequently in CMMR-D patients) in one or more of the genes implicated in the callosal development are responsible for the occurrence of isolated, largely asymptomatic ACC with or without gray matter heterotopia in CMMR-D patients.
As with other previously reported CMMR-D patients, our patients were suspected of having CMMR-D only when they developed their second or third malignancy. This demonstrates that diagnosis of CMMR-D may be frequently delayed in pediatric cancer patients. Apart from the lack of awareness for this rare cancer predisposition syndrome among pediatric hematologists-oncologists, other factors that may play a role in delayed diagnosis include the lack of clearly disease-specific clinical features and the overlap with other cancer predisposing syndromes, including NF1, 1 familial adenomatous polyposis 9 and to some extent also with Fanconi anemia. [40] [41] [42] In view of the wide tumor spectrum, it has been suggested that CMMR-D should be considered in the differential diagnosis in all pediatric patients with malignancies (except clearly NF1-associated tumors), who show one or more of the following features: (1) CALMs and/or other signs of NF1 and/or hypo-pigmented skin lesions; (2) consanguineous parents; (3) family history of LS-associated tumors; (4) second malignancy; and (5) sibling with childhood cancer. We suggest including ACC with or without gray matter heterotopia as an additional feature. As the example of patient 3 shows, this could help to establish more timely diagnosis and implementation of surveillance programs for pre-symptomatic detection of malignancies 43 in similar CMMR-D cases. Patient 3 lacked CALMs and was the only-child from unrelated parents without a family history for Lynch-syndrome-associated tumors. Hence, without the criterion of ACC he fulfilled only diagnostic criterion (4) when he developed a second malignancy. Of note, this patient had also two capillary haemangiomas of the skin, a feature that has been previously reported once in CMMR-D. 44 Patient 1 developed a muco-epidermoïd carcinoma of the parotid, a malignancy that so far has not been described in a CMMR-D patient. Negative IHC PMS2 staining in neoplastic and surrounding normal cells from both the parotid tumor and T-cell NHL, together with the lack of MSI, was puzzling and initially interpreted as a failure of proper staining. Hence, this case further underscores that the lack of MSI, particularly in extra-intestinal tumors of CMMR-D patients, 1 may represent a pitfall in molecular analysis performed to verify the suspected diagnosis of CMMR-D. 44 ACC and gray matter heterotopia are the first congenital malformations described to be associated with CMMR-D. We suggest that ACC with or without gray matter heterotopia should be included in the clinical diagnostic criteria for CMMR-D. Further systematic studies may answer the question whether other malformations are also found at higher frequency in CMMR-D patients than in the general population. 
